Abstract: Glyphosate formulations that are used as a broad-spectrum systemic herbicide have been widely applied in agriculture, causing increasing concerns about residues in soils. In this study, the degradation dynamics of glyphosate in different types of citrus orchard soils in China were evaluated under field conditions. Glyphosate soluble powder and aqueous solution were applied at 3000 and 5040 g active ingredient/hm 2 , respectively, in citrus orchard soils, and periodically drawn soil samples were analyzed by high performance liquid chromatography. The results showed that the amount of glyphosate and its degradation product aminomethylphosphonic acid (AMPA) in soils was reduced with the increase of time after application of glyphosate formulations. Indeed, the amount of
Introduction
Glyphosate (N-(phosphonomethyl) glycine), which contains several dissociable hydrogens, is the active ingredient in herbicide formulations containing it. Indeed, glyphosate or glyphosate formulations such as Roundup are able to kill weeds without killing their crops, especially annual broadleaf weeds and grasses known to compete with commercial crops grown around the globe by interfering with the synthesis of the aromatic amino acids phenylalanine, tyrosine and tryptophan [1] [2] [3] [4] [5] [6] [7] [8] . Nowadays, glyphosate formulations that are used as a broad-spectrum systemic herbicide have been widely applied in agronomic crops and orchards. Furthermore, glyphosate formulations are currently marketed in the worldwide by many agrochemical companies, such as Bayer, Dow Agro Sciences, and Monsanto in different solution strengths and with various adjuvants. In addition, it has been reported to be the world's largest selling herbicide in 2013, and Chinese manufacturers are the world's largest producers of glyphosate and its precursors [1] [2] [3] [4] [5] [6] [7] [8] .
The United States Environmental Protection Agency and the European Union consider that there is no potential for the herbicide glyphosate to pose a health risk to humans. Furthermore, early epidemiological studies did not find associations between long term low level exposure to glyphosate and any disease [4, 5, 9] , but with the heavy use of fungicides, insecticides and herbicides such as the glyphosate formulation Roundup in agriculture, residues in soils are a growing problem [10] [11] [12] [13] [14] [15] [16] [17] [18] . Indeed, a field test showed that lettuce, carrots, and barley contained glyphosate residues up to one year after the soil was treated with 4.15 kg of glyphosate per hectare [6, 7] . Glyphosate is readily degraded by soil microbes to carbon dioxide and aminomethylphosphonic acid (AMPA) that adsorbs strongly to soil and is not expected to move vertically below the top six inch soil layer. Therefore, studying the behavior of glyphosate in the soil environment has great significance for its valid application and environmental safety evaluation.
To our knowledge, little information is available about the dissipation of glyphosate from different formulations under field conditions. The aim of this research was to examine the degradation dynamics of glyphosate aqueous solution, soluble powder and its metabolite AMPA, in different type of soils found in citrus orchards in China.
Results and Discussion

Recovery Percentage of Glyphosate and Its Metabolite AMPA
In this study, the amount of glyphosate and AMPA in different types of orchard soils was determined by HPLC, which has been widely used for the measurement of residues [19] [20] [21] [22] [23] [24] [25] [26] . The minimum detectable amount of glyphosate and AMPA residues was 1 × 10
g in the HPLC analysis. Furthermore, the minimum concentration of glyphosate and AMPA detection was 0.10 mg/kg, which has been regarded as a criterion for the safety of humans and animals. The relative retention times of glyphosate and AMPA were 18.818 and 11.781 min, respectively. The recovery percentage of glyphosate varied from 95.60% to 98.82%, while the recovery percentage of AMPA varied from 97.60% to 99.60% after applying 99% glyphosate standard sample to an orchard soil from Zhejiang Province ( Table 1) . Since the recovery percentage was more than 80.00%, the residue data from the soil samples have not been corrected for the recoveries. This result justified that the HPLC method could to be used for the detection of glyphosate and AMPA residue in Chinese soils. 
Standard Curve of Glyphosate and Its Metabolite AMPA
In order to quantify the amount of glyphosate and AMPA residue in different types of orchard soils, glyphosate and AMPA solutions at different concentrations were prepared for HPLC analysis by dissolving a 99% glyphosate standard sample into ddH2O and extracts of Zhejiang soil, respectively. Furthermore, a standard curve of glyphosate and AMPA was drawn based on the peak area-concentration determined of HPLC by the least squares method.
In this study, the standard curve of glyphosate and AMPA in ddH2O was represented as y = 249,831x + 1372.7 (R² = 1.0000) and y = 744,159.3037x + 4805.8396 (R² = 1.0000), respectively, while glyphosate and AMPA in soil was represented by the equation y = 80,347x + 1639. 
Degradation Dynamics of Glyphosate Soluble Powder
Result from this study indicated that no glyphosate was detected in the control soil samples, where no glyphosate formulation was sprayed. This result suggests that the level of glyphosate in the natural orchards of different sites in China was lower than 0.10 mg/kg, which has been regarded as the safety criterion for humans and animals ( Figure 2 ). In general, after spraying glyphosate, the content of glyphosate in the soils decreased as time increased regardless of the type of soils. In particular, the level of glyphosate in medium loam from Guangdong Province was lower than 0.10 mg/kg at 42 days after the spraying of glyphosate (Table 2) .
There was no extreme rain or storms during the spraying period, indicating the degradation is mainly due to the soil itself. This result indicated that the glyphosate soluble powder could be well degraded in the three kinds of soils although there was a slight difference in the degradation dynamics of the glyphosate soluble powder between the three kinds of soils. Indeed, the results from this study indicated that the amount of glyphosate residue is less than 0.10 mg/kg in medium loam from Guangdong, and nearly 0.10 mg/kg in medium loam from Zhejiang Province and in brown loam from Peak area (EU)
Injection volume (ng) (b) Guizhou Province at 42 days after the spraying of this herbicide. In addition, the half-lives of glyphosate soluble powder in soils from Zhejiang Province, Guangdong Province and Guizhou Province are 12.6 days, 11.7 days and 10.0 days, respectively (Table 2 ). In agreement with the data in this study, previous studies indicated that the persistence of pesticides, fungicides and herbicides in soil was affected by a number of factors such as climate conditions and soil type [27] [28] [29] [30] . Furthermore, half-lives varied from as little as 3 days at a soil site in Texas (USA) to 141 days at a soil site in Iowa (USA) [1] [2] [3] [4] [5] [6] [7] [8] . In addition, a 2009 study using a Roundup formulation concluded that absorption into plants delays subsequent soil-degradation and can increase the persistence of glyphosate in soil from two to six times. The half-life of glyphosate in soil ranges between 2 and 197 days, while a typical field half-life of 47 days has been suggested [6, 7] . Obviously, these results indicate that glyphosate adsorption in soil, and later release from soil depends on the kind of soil. Interestingly, result from this study clearly indicated that the half-lives of glyphosate soluble powder in different types of citrus orchard soils in China are less than the typical field half-life.
Degradation Dynamics of AMPA
Result from this study indicated that no AMPA was detected in the control soil samples where no glyphosate formulation was sprayed, suggesting that the level of AMPA in the tested orchards of different sites in China was lower than 0.10 mg/kg. In general, after spraying glyphosate, the amount of AMPA residue in the soils decreased with the increase of time regardless of the type of soils. In particular, the level of AMPA was lower than 0.10 mg/kg in the soil sample from Guangdong Province at one day after the spraying of glyphosate, suggesting that the glyphosate soluble powder and its metabolite AMPA were well degraded in this kind of soil (Table 3) . 
There was no extreme rain or storms during the spraying period, indicating that the residue is mainly due to the soil itself. In general, this result found that there was a marked difference in the degradation dynamics of the AMPA between the three kinds of soils. Indeed, the amount of AMPA residue in medium loam from Zhejiang Province is 0.99 mg/kg, while the residue of AMPA in brown loam from Guizhou Province is 0.33 mg/kg at 42 days after the spraying of glyphosate. Furthermore, the half-lives of AMPA in soils from Zhejiang Province and Guizhou Province are 36.9 days and 10 days, respectively. However, at one day after the spraying of glyphosate, the level of AMPA was lower than 0.10 mg/kg in medium loam from Guangdong Province (Table 3) .
Interestingly, the difference in degradation dynamics of AMPA was not only found between the medium loam and brown loam, but also was found between the medium loam from Zhejiang Province and the medium loam from Guangdong Province (Table 3) . This difference in degradation dynamics between the same soil types may be due to their physicochemical properties. Indeed, there was a difference in pH, cation exchange capacity, the organic matter and soil texture between the two medium loams, justifying the difference in degradation of AMPA.
Degradation Dynamics of Aqueous Solution
Result from this study indicated that no glyphosate was detected in the control soil samples where no glyphosate formulation was sprayed. This result suggests that the level of glyphosate in the natural orchards of different sites in China was lower than 0.10 mg/kg. In general, after spraying the glyphosate formulation, the content of glyphosate in the soils decreased with the increase of time regardless of the type of soils. Indeed, the residue varied from 9.10 to 0.13 mg/kg in red soil from Zhejiang Province, from 6.33 to 0.35 mg/kg in clay from Guanxi Province, and from 6.22 to 0.91 mg/kg in red soil from Hunan Province (Figure 3 ; Table 4 ). The amount of glyphosate residue was higher than 0.10 mg/kg in the three kinds of soils, indicating that it was difficult for the glyphosate aqueous solution to be completely degraded in these soils. However, this result indicated that there was a marked difference in the degradation dynamics of the glyphosate aqueous solution between the three kinds of soils. Indeed, the amount of residue in the clay from Guanxi Province and red soil from Hunan Province was higher than that in red soil from Zhejiang Province, which was close to 0.10 mg/kg. Interestingly, a difference in degradation dynamics was also found between the red soil from Zhejiang Province and the red soil from Hunan Province (Table 4) , which may be due to the different characteristics of soils. Indeed, there was a difference in pH, cation exchange capacity, the organic matter and soil texture between the two red soils, justifying their differences in degradation of glyphosate. There was no extreme rain or storms during the spraying period, indicating the residue is mainly due to the itself. This result revealed that the degradation dynamics of glyphosate aqueous solution was affected by the soil type. Indeed, the half-lives of glyphosate aqueous solution in soils from Zhejiang Province, Guangxi Province and Hunan Province are 7.5, 11.8 and 14.2 days, respectively (Table 4 ). In addition, compared to the glyphosate soluble powder, this amount of glyphosate aqueous solution residue in the three soils was very high at 3 days after the spraying of glyphosate formulation regardless of the soil type. This may be partially due to the differences in the original amount of glyphosate in the soil. Indeed, aqueous solution was sprayed at 5040 g active ingredient/hm 2 , while the soluble powder was sprayed at 3000 g active ingredient/hm 2 . Previous studies indicated that substantial mortality occurred only at concentrations of glyphosate exceeding the expected environmental concentrations [1, 4, 5, 9] . The most common formulation in agriculture is 360 g active ingredient per litre, either alone or with added cationic surfactants. For 360 g formulations, European regulations allow applications of up to 12 L (4320 g active ingredient) per hectare for control of perennial weeds such as Cynodon dactylon. More commonly, rates of 3 L (1080 g active ingredient) per hectare are practiced for control of annual weeds between crops. In this study, the high residue in different type of soils may be mainly attributed to the large amount (5040 g active ingredient/hm 2 ) of application. The difference in the amount between glyphosate soluble powder and aqueous solution residue may be also due to the other ingredients other than glyphosate in the glyphosate formulation. Indeed, glyphosate that as an acidic molecule that is formulated as a salt for packaging and handling, using isopropylamine, diammonium, monoammonium, or potassium species as the counterion. Furthermore, in addition to glyphosate salts, commercial formulations of glyphosate contain additives such as surfactants which vary in nature and concentration. Therefore, the type of glyphosate formulation should be considered in any study of glyphosate degradation, which will be helpful to compare data from different investigations.
In agreement with the results from this study, a number of previous ones [1, 6, 7, 9] have indicated that degradation of glyphosate in soil environments was dependent on the soil properties. For example, Ghafoor et al., reported the influence of various soil physical, chemical and microbiological characteristics on the persistence of glyphosate in soil [31] . Furthermore, investigations have shown that less than 5% of added glyphosate was mineralized at 15 °C after 3 months in some soils, while in other soils more than 40% was mineralized under the same conditions, indicating that the rate of degradation is very soil dependent [32] . In addition, differences in the half-life of glyphosate have been widely reported, emphasizing the great variability among soils.
Considering the complexity of glyphosate degradation, it is also very necessary to develop more sophisticated models to describe the degradation of glyphosate in soil. Interestingly, a simple general model has recently been proposed for measurement of microbial degradation of pesticides in soil [33] . However, in this study, the half-life times of glyphosate have been successfully estimated by a first-order rate expression. In addition, this difference in characteristics of soils suggested that the sites were representative of different type of orchard soils in China, which will give an overall evaluation for the degradation dynamics of glyphosate soluble powder and aqueous solution in soil environments.
Previous studies have revealed that the main glyphosate degradation pathway in soils is due to various microorganisms, in particular bacteria, which, together with soil factors, affect the degradation outcome and rate of degradation [32, 33] . Furthermore, some investigations have indicated that glyphosate degradation is correlated with the general microbial activity measured by the respiration rate or the total number of culturable microorganisms. However, it has been demonstrated that the degradation rate of glyphosate can exhibit great variation for different microorganisms. Indeed, some microbes, in particular soil bacteria such as Arthrobacter atrocyaneus, Enterobacter cloacae, Bacillus cereus, Pseudomonas aeruginosa and Pseudomonas sp., have been reported to be able to degrade glyphosate effectively [32, [34] [35] [36] .
The survival of degrading bacteria in soil depends on the soil type and properties, justifying the importance of soil properties in the degradation dynamics of glyphosate. In agreement with the result of Ghafoor et al. [31] , this study revealed that glyphosate degradation was significantly positively correlated to soil pH. Indeed, the half-life times of glyphosate in neutral and alkali soil are less than that in acid soil, which may be attributed to the differences in the soil microbial community. As we know, bacteria are able to grow well under neutral and alkali conditions, therefore this result highlights the importance of soil bacteria in glyphosate degradation in soils.
Experimental Section
Glyphosate Formulations
Two kinds of commercial formulations of glyphosate were used in this study, which was purchased from a local pesticides shop. One was 50% glyphosate soluble powder, while the other was 18% glyphosate aqueous solution. The two commercial formulations were produced by Beijing Century Aoke Biotechnology Co. Ltd, Beijing, China. The degradation dynamics of glyphosate were evaluated by measuring the amount of their residues in different types of citrus orchard soils collected in China. A standard sample of glyphosate with 99.0% purity was purchased from Beijing Century Aoke Biotechnology Co. Ltd. All reagents for HPLC are analysis or chromatographic grade unless specifically stated.
Experimental Design of Soluble Powder Degradation
Field experiment I was performed from September to November 2008 at a citrus orchard located in Jiande City (Zhejiang Province, China), Guangzhou City (Guangdong Province, China) and Guiyang City (Guizhou Province, China), respectively. The fields were partitioned into two blocks for two trials. Each block was further partitioned into three subplots (5 m × 6 m separated by earth embankments). Citrus orchards soils were sprayed with 50% glyphosate soluble powder at 3000 g active ingredient/ha using a manual sprayer (Jacto HD400, Singapore). The control soil was sprayed with the same volume of distilled water. One kilogram of soil from 0-10 cm depth was collected from at least five different sites at 1 day, 3 days, 7 days, 14 days, 21 days, 28 days, 35 days, and 42 days after the spraying of herbicide. The soils samples were stored in −20 °C. Each plot had three replicates.
Measurement of soil characteristics indicated that there were marked differences in the type, pH, cation exchange capacity and organic matter of the soils from different orchards which were selected as the sites to examine the degradation dynamics of glyphosate in the Chinese soil environment. Indeed, the types of soils from Jiande, Guanzhou and Guizhou were medium, medium and brown loam, respectively, while the pH of soil from Jiande, Guangzhou and Guizhou was 5.61, 7.30 and 4.26, respectively.
Furthermore, the organic matter from soils of Jiande, Guanzhou and Guizhou was 1.91%, 2.65% and 4.69%, respectively, while the cation exchange capacity was 6.81, 23.21 and 10.10 cmol/kg, respectively. In addition, there was a difference in soil texture between the above three samples, while the sand content was 40.22%, 47.60% and 14.80%, respectively, the silt content was 44.50%, 14.20%, and 67.10%, respectively, and the clay content was 15.30%, 38.20% and 18.10%, respectively (Table 5) . 
Experimental Design of Aqueous Solution Degradation
Field experiment II was carried out from Octorber to December 2011 at citrus orchards located in Hangzhou City (Zhejiang Province, China), Nanning City (Guangxi Province, China) and Changsha City (Hunan Province, China), respectively. The field was partitioned into two blocks for two trials. Each block was further partitioned into three subplots (5 m × 6 m separated by earth embankments). Each subplot was separated by protected lines. Citrus orchard soils were sprayed with 18% glyphosate aqueous solution at 5040 g active ingredient/hm 2 using a manual sprayer (Jacto HD400). The control soil was sprayed with the same volume of distilled water. Two kilograms of soil from 0-10 cm depth was randomly collected from at least five different sites (direction and layer) at 1 day, 3 days, 7 days, 14 days, 21 days, 28 days, 35 days, and 42 days after the spraying. The soil samples were sealed in plastic bags marked with numbers and stored at −20 °C. Each plot had three replicates.
There was a marked difference in the characteristics of the soils that were sprayed with glyphosate aqueous solution in the different orchards. Indeed, the types of soils from Hangzhou, Nanning and Changsha were red soil, clay and red soil, respectively, while the pH of soils from Hangzhou, Nanning and Changsha was 6.34, 5.38 and 5.50, respectively. In addition, the organic matter from soils of Hangzhou, Nanning and Changsha was 37.2, 32.3 and 8.1 g/kg, respectively, while the cation exchange capacity was 14.20, 20.64 and 6.90 cmol/kg, respectively. In addition, there was a difference in soil texture between the above three soil samples, while the sand content was 35.50%, 23.79% and 16.74%, respectively, the silt content was 34.00%, 34.29%, and 76.69%, respectively, the clay content was 29.50%, 36.85% and 6.57%, respectively (Table 6 ). 
Measurement of Soil Parameters
Soils collected from both experiment I and II were further characterized as described above by measuring their physicochemical properties such as soil type, pH, cation exchange capacity, organic matter, the content of sand, silt and clay, which were determined based on the standard procedures as described in a number of previous studies [6, [27] [28] [29] [30] .
Standard Curve of Glyphosate and Its Metabolite AMPA
Standard curves of glyphosate and its metabolite AMPA in ddH2O and Zhejiang soil extract were drawn in this study based on the linear relation between peak area of HPLC and the injection volume of samples. Glyphosate and its metabolite AMPA solutions at 0.002, 0.01, 0.05, 0.10, 0.50 and 1.00 mg/L were prepared by adding different amount standard sample of glyphosate and its metabolite AMPA into ddH2O and Zhejiang soil extract, respectively.
Sample Preparation
Impurities were removed from soil samples that were collected from each site by using a sieve and then about 10.00 g was weighed into a 250 mL plastic centrifuge bottle, 40 mL 0.1 mol/L ammonium hydroxide was added, followed by shaking for 30 min, and centrifuging at 3000 rpm/min for 10 min. After collecting the water layer, the pellet was added with 40 mL 0.1 mol/L ammonium hydroxide, fully shaked for 30 min at 25 °C, centrifuged at 3000 rpm/min for 10 min, and the water layer was merged with the one above, water was added up to 100 mL, then 30 mL were taken and centrifuged at 10,000 r/min for 10 min, 1 mL suspension was added with 1 mL 0.1 mol/L aqueous solution of sodium borate, 2 mL 0.1% FMOC-chloride-acetone solution, and shaken for 2 min. After remaining in a stable state for 20 min, 6 mL ethyl acetate was added, shaked for 1 min and then kept stable for 20 min, before the water phase was taken for HPLC analysis.
HPLC Analysis
Soil samples were reacted with 9-fluorenylmethyl chloroformate and acetone, and the residues of glyphosate and its metabolite AMPA in soil solutions were determined by fluorescence detection using high performance liquid chromatography (HPLC, Waters 2695/2475, Milford, MA, USA), which was carried out as described below. 
Conclusions
Taken together, the data from our study demonstrated that the amount of glyphosate and AMPA residue was reduced with the increase of time after the spraying of glyphosate aqueous solution and soluble powder. Furthermore, there was a marked difference in the degradation dynamics of glyphosate and AMPA between medium loam from Zhejiang and Guangdong Province as well as brown loam from Guizhou Province. In particular, glyphosate soluble powder and its AMPA were well degraded in the medium loam from Guangdong Province, whereby the glyphosate and AMPA residue in this kind of soil was less than 0.10 µg/g at 42 days and 1 day, respectively, after the spraying of glyphosate herbicide. Like soluble powder, a difference in the amount of glyphosate aqueous solution residue was observed between red soil from Hunan and Zhejiang Province, as well as clay from Guangxi Province. Overall, these findings demonstrated that the degradation dynamics of glyphosate aqueous solution and soluble powder as well as AMPA depend on the physicochemical properties of the soils, in particular soil pH, which should be carefully considered in the application of glyphosate herbicide.
